The phase transformation dynamics induced in Ge 2 Sb 2 Te 5 films by picosecond laser pulses were studied using real-time reflectivity measurements with subnanosecond resolution. Evidence was found that the thermal diffusivity of the substrate plays a crucial role in determining the ability of the films to crystallize and amorphize. A film/substrate configuration with optimized heat flow conditions for ultrafast phase cycling with picosecond laser pulses was designed and produced. In this system, we achieved reversible phase transformations with large optical contrast (Ͼ20%) using single laser pulses with a duration of 30 ps within well-defined fluence windows. The amorphization ͑writing͒ process is completed within less than 1 ns, whereas crystallization ͑erasing͒ needs approximately 13 ns to be completed. © 2004 American Institute of Physics. ͓DOI: 10.1063/1.1689756͔
Phase change optical recording is an attractive and mature technology due to the compact storage format, noncontact recording process, and long-term stability. These promising features have triggered intensive research [1] [2] [3] [4] [5] [6] to further improve the performance of optical discs based on GeSbTe and AgInSbTe compound films. [7] [8] [9] Ge 2 Sb 2 Te 5 is referred to as a fast phase change material since both amorphization and crystallization can be triggered with laser pulses as short as 10 ns. 2, 3 However, only a limited number of works have studied the possibility of cycling with ultrashort pulses, 5, 6, [10] [11] [12] in spite of their potential to increase data transfer rates beyond current limits. This might be related in part to the fact that the induced phase transformations may last longer than the pulse duration. Surprisingly, this fact is mostly neglected in the relevant literature and-apart from a few works that measure the actual transformation times ͑Refs. 1, 4, 11-13͒-most works only determine the minimum pulse duration required to induce a given phase transformation. 2, 3 Transformation times usually reported range between tens and hundreds of nanoseconds and may impose the limiting factor on data transfer rates in applications where rapid overwriting of existing data is required.
The only work we are aware of reporting subnanosecond transformation times is a study on Ge .07 Sb .93 films on glass substrates exposed to single picosecond ͑ps͒ laser pulses. 12 In that work, reversible phase cycling with transformation times of 400 ps for both amorphization and crystallization has been obtained. Such ultrashort transformation times were possible through a reduction of the film thickness, which effectively suppressed the recalescence effects caused by the release of latent heat during solidification. In the case of the GeSbTe system used in current compact discs, only amorphization has been achieved upon irradiation with ultrashort laser pulses. 6 The goal of this letter is to achieve phase reversibility in Ge 2 Sb 2 Te 5 upon ps laser pulse irradiation and thus increase the data transfer rates of both processes, data storage and data overwriting. In the present work we have followed an approach different from that used earlier 12 for Ge .07 Sb .93 to address the latent heat issue. Instead of reducing the film thickness-and thus sacrificing a potential high optical contrast-we have modified in a controlled way the heat extraction toward the substrate.
Thin Ge 2 Sb 2 Te 5 films were deposited by dc-magnetron sputtering in a vacuum chamber held in an Ar atmosphere of 10 Ϫ1 Pa, using a stoichiometric target. Films were deposited on a range of different substrates, including glass slides and multilayer substrates consisting of a glass slide onto which a 100-nm-thick aluminum layer was deposited, followed by a dielectric layer of ZnS-SiO 2 of varying thickness d, with dϭ15, 25 and 50 nm. On top of these substrates, the optical recording layer (Ge 2 Sb 2 Te 5 ) with a constant thickness of 50 nm was deposited. Details of the deposition conditions and composition analysis can be found in Ref. 2 . In order to initialize the as-deposited amorphous samples, a row of 0.5-mm-diam spots were precrystallized by exposure to Ϸ30 consecutive ps laser pulses generated by an amplified dye laser 14 ͑30 ps pulse duration, 583 nm wavelength͒ at energies well below the melt threshold, thus inducing solid-state crystallization. The initialized spots were then irradiated with single laser pulses to induce amorphization. Once an irradiated spot was successfully amorphized, the same spot was irradiated with another single laser pulse to induce crystallization. In each case, the dynamics of the phase transformations were followed in real time by measuring the evolution of the reflectivity. A detailed description of the setup for transient reflectivity measurements with subnanosecond resolution can be found elsewhere. 14 Ar ϩ -ion laser at 514.5 nm for the results in Fig. 1͑c͒ and Figs. 2͑a͒-2͑d͔͒ incident at the sample surface with s polarization at an angle of ϳ18°and focused down to a spot size of 30 m at the center of the area irradiated with the ps pump beam ͑240 m diameter͒. Two detection systems were used in parallel to ensure both a large time window and high temporal resolution. We used a fast photodiode and a fast oscilloscope providing a variable time window with a temporal resolution of a few nanoseconds ͑ns͒. A streak camera in single-sweep mode was used providing a time window of about 50 ns and a temporal resolution of 350 ps. Figure 1͑a͒ shows the dynamics of the amorphization process of a precrystallized area of a film on glass, induced by a single ps pulse. Within the time resolution used, the reflectivity decreases from its high initial level ͑the reflectivity values are normalized to the reflectivity of the precrystallized spot͒ down to a value below 0.8, yielding a reflectivity contrast Ͼ20%. This process is generally understood to occur through complete melting and rapid solidification of the film, at quenching rates that are sufficiently fast to prevent the formation of the crystalline phase. 3 However, the inverse transformation, i.e., recrystallization of the amorphized spot, cannot be triggered by a single laser pulse in this sample. Figure 1͑b͒ shows a sequence of transients obtained by repetitive irradiation of the previously amorphized region at constant fluence, leading to a gradual increase ͑partial crystallization͒ of the reflectivity level.
The inability of this sample to crystallize upon single pulse irradiation is related to the short laser pulse duration and the heat flow conditions. The use of ps laser pulses leads to a situation in which the pulse energy is deposited within a very short time in a thin surface layer, leading to heating or melting. The so-generated steep temperature gradient is subsequently smoothed by heat diffusion towards the substrate. The characteristic diffusion length L th during the pulse duration depends on the thermal diffusivities D of both the film and the underlying substrate according to L th Ϸ(D) 1/2 . Essentially, the diffusion length during the ps pulse is negligible (L th Ϸ4 nm for ϭ30 ps and D(Ge 2 Sb 2 Te 5 )ϭ0.0045 cm 2 /s-Refs. 6 and 15͒, whereas it would exceed the film thickness when using ns laser pulses as commonly done in phase change optical recording.
In order to achieve single pulse crystallization by ps laser pulses we have selected the thermal diffusivity of the Figure 1͑c͒ shows reflectivity transients corresponding to amorphization attempts in films with ZnS-SiO 2 buffer layers of different thicknesses. We have selected for each thickness x the transient that has been obtained at a fluence that came closest to amorphization. For xϭ50 nm, one can appreciate a rapid reflectivity decrease related to melting that is immediately followed by a rapid complete recovery due to recrystallization. We attribute the inability of these films to amor- phize to a too low effective thermal diffusivity of the multilayer substrate system, which prevents the molten film from achieving an undercooling sufficiently large for amorphization. For xϭ25-nm, recrystallization occurred somewhat later but again it was not possible to amorphize the films. However, for xϭ15-nm, we have been able to induce amorphization of a precrystallized spot with a single ps laser pulse, confirming that the reduction of the buffer layer thickness increases the heat flow to the substrate. Figure 2͑a͒ shows again, on a shorter time scale, the successful amorphization in the sample with a buffer layer thickness of 15 nm. By exposing the so-amorphized spot to a single ps laser pulse of lower energy, we have also been able to induce complete recrystallization ͓Fig. 2͑b͔͒. Both transformations have been shown to be stable, reversible and repeatable, exhibiting an optical contrast Ͼ20%. The amorphization and crystallization process is completed within less than 1 and 13 ns, respectively ͓Figs. 2͑a͒ and 2͑b͔͒. It is worth pointing out that it is indeed necessary to make use of a Streak Camera for determining the transformation times, since the amorphization time would appear longer when measured with a detection system with lower resolution ͓as shown by the dashed curve in Fig. 2͑a͔͒ .
The results shown in Figs. 2͑a͒ and 2͑b͒ clearly demonstrate that the 15-nm-thick buffer layer in combination with a thick Al layer provides a good compromise in terms of heat flow for ps laser induced phase cycling in Ge 2 Sb 2 Te 5 films. The heat extraction upon complete melting is sufficiently fast to achieve the undercooling necessary for amorphization to take place, but it is also sufficiently slow at low fluences to promote complete crystallization. The fluence windows to obtain phase cycling with short transformation times are narrow as demonstrated in Figs. 2͑c͒ and 2͑d͒ , showing, respectively, unsuccessful amorphization and crystallization attempts at different fluences. For attempted amorphization of the crystalline phase at low fluences ͓Fig. 2͑c͔͒ the undercooling obtained is too low and partial or complete recrystallization is induced. For attempted crystallization of the amorphous phase at too low fluences ͓17 mJ/cm 2 , Fig. 2͑d͔͒ only partial crystallization is obtained. Interestingly, for attempted crystallization at too high fluences ͓43 mJ/cm 2 , Fig.  2͑d͔͒ -which is considerably above the fluence for singlepulse crystallization ͓Fig. 2͑b͔͒-the spot melts initially ͑re-flectivity increase͒ but reamorphizes completely afterwards ͑reflectivity decrease to the initial level͒. We attribute this behavior at high fluences to an increased melt depth and therefore to a more efficient heat extraction toward the substrate, favoring re-amorphization. Essentially, it is the same process of solidification as observed in Fig. 2͑a͒ , where amorphization is observed at high fluences, but starting from the crystalline phase. An important conclusion is, therefore, that the amorphization process induced by a single ps laser pulse in this sample is independent of the initial phase.
There are strong indications that the crystallization process also involves surface melting. The transients shown in Fig. 2͑c͒ have a common reflectivity minimum of approximately 0.82 that we interpret as the reflectivity of the liquid phase R liquid . Approximately the same reflectivity value is obtained in the transients in Fig. 2͑d͒ at the initial reflectivity rise after the laser pulse. Since the transients in Fig. 2͑d͒ correspond to fluences below and above the optimum crystallization fluence ͓Fig. 2͑b͔͒, we conclude that surface melting should also occur in the latter case. Unfortunately, the occurrence of melting cannot be resolved in Fig. 2͑b͒ due to the fluctuations of the probe laser beam ͑noise͒.
In conclusion, we have been able to achieve reversible and stable phase transformations with an optical contrast Ͼ20% in Ge 2 Sb 2 Te 5 films upon irradiation with single laser pulses of 30 ps. The use of laser pulses of 30 ps combined with the achievement of fast transformation times (Ͻ1 ns for amorphization and 13 ns for crystallization͒ clearly demonstrates the potential increase in the data transfer rates for both processes, data storage (Ͼ5 Gbit/s) and data overwriting (Ͼ11 Mbit/s). Phase cycling and high transformation speeds have been achieved through careful adjustment of the heat extraction toward the substrate. The best performance was obtained for the 50 nm Ge 2 Sb 2 Te 5 /15 nm ZnS-SiO 2 /100 nm Al/glass system. Recently developed compact diode lasers emitting pulses of 60 ps at high repetition rates ͑up to 40 MHz͒ and short wavelengths ͑down to 375 nm͒ have already found widespread applications in fluorescence spectroscopy 16 and could provide an ideal laser source for high data transfer optical recording.
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